A real-time polymerase chain reaction (PCR) assay using hybridization probes on a LightCycler platform was developed for detection of Mycoplasma bovis from individual bovine mastitis milk and pneumonic lung tissues. The detection limit was 550 colony forming units (cfu)/ml of milk and 650 cfu/25 mg of lung tissue. A panel of bovine Mycoplasma and of other bovine-origin bacteria were tested; only M. bovis strains were positive, with a melting peak of 66.6ЊC. Mycoplasma agalactiae PG2 was also positive and could be distinguished because it had a melting peak of 63.1ЊC. In validation testing of clinical samples, the relative sensitivity and specificity were 100% and 99.3% for individual milks and 96.6% and 100% for the lung tissue. Using M. bovis real-time PCR, the M. bovis culture-positive milk samples were estimated to contain between 5 ϫ 10 4 and 7.7 ϫ 10 8 cfu/ml and the M. bovis culture-positive lungs between 1 ϫ 10 3 and 1 ϫ 10 9 cfu/25 mg. Isolation, confirmed with the real-time PCR and colony fluorescent antibody test, showed that at the herd level, the proportion of samples positive for M. bovis isolation in mastitis milk samples submitted to the Mastitis Laboratory, Animal Health Laboratory, University of Guelph, Ontario, Canada, was 2.4% (5/201). We conclude that this probe-based real-time PCR assay is a sensitive, specific, and rapid method to identify M. bovis infection in bovine milk and pneumonic lungs.
Introduction
Mycoplasma bovis is a major cause of pneumonia and arthritis in calves and of mastitis in dairy cattle, which has been reported throughout the world. 21 In the United States, the cost of M. bovis mastitis and other M. bovis infections has been estimated at $140 million. 24 Rapid diagnosis of M. bovis infection is important for prevention and effective control of the disease, but diagnosis by culture is both time consuming and complex because it requires 3-10 days for M. bovis to produce visible colonies. It then usually requires fluorescent antibody (FA) testing to identify the isolates, a relatively lengthy and labor-intensive procedure, for which the antisera are not commercially available. In addition, isolation of M. bovis from lungs can be difficult, particularly in chronically affected animals because antibiotic treatment, autolysis, or gross bacterial contamination can inhibit isolation. 21 Molecular methods, which detect and identify M. bovis directly from animal tissue samples, including milk, are presumptively better alternatives to the traditional isolation approach. Since 1991, conventional PCR has been described for the identification of M. bovis and Mycoplasma agalactiae, targeting a randomly cloned DNA From the Animal Health Laboratory, Laboratory Services Division (Cai, Bell-Rogers, Parker) and Department of Pathobiology (Cai), University of Guelph, Guelph, Ontario N1G 2W1, Canada.
Corresponding Author: Dr. John Prescott, Department of Pathobiology, University of Guelph, Guelph, Ontario N1G 2W1, Canada. fragment, 10 the 16S rRNA gene, 3 DNA repair uvrC genes, 27, 29 and surface membrane protein P80 ma-mp81 gene. 10 Mycoplasma bovis is very closely related to M. agalactiae. It has been demonstrated that it is difficult to differentiate the 2 species by 16S rRNA gene-based PCR 1, 17 and that the uvrC gene can be a better PCR target. 27, 29 Most recently, a multiplex-PCR and a PCR-RFLP targeting the ma-mp81 gene were shown to be able to differentiate the 2 species. 7 The newly described M. bovis and M. agalactiae species-specific sequences encoding part of the DNA polymerase III 19 and M. bovis-specific insertion sequences (ISm-bov3) 30 can be novel targets for M. bovis and M. agalactiae species-specific PCR. For clinical diagnosis purposes, some of the above conventional PCR assays have been applied to identify M. bovis rapidly from milk and nasal swabs. 3, 10, [14] [15] [16] 23 An advanced form of PCR, real-time PCR, has recently been introduced into clinical microbiology. Compared with conventional PCR, real-time PCR is faster, more suited to high throughput of samples, and can quantitate the nucleic acid concentration. The study reported here describes the development of a real-time PCR to detect M. bovis from milk and lung samples directly. In addition, the frequency of M. bovis isolation in mastitis milk samples submitted to the Mastitis Laboratory at the Animal Health Laboratory (AHL), University of Guelph, Ontario, Canada, was investigated. 
Materials and methods
Organisms and culture methods. All bacteria used in this experiment were obtained from the American Type Culture Collection or were isolated and characterized at the AHL ( Table 1 ). The Mycoplasma strains were stored at Ϫ70ЊC in Hayflick broth, a,25 and other bacteria in brain heart infusion (BHI) b broth containing 30% glycerol. Before use, the Mycoplasma strains were propagated in Hayflick broth a,25 containing 20% pig serum, and other bacterial strains were cultured in trypticase soy broth. a Conventional bacterial culture of mastitis milk samples was done by the Mastitis Laboratory at the AHL using standard culture methods. 22 Mycoplasma isolation and identification were performed using standard procedures. 25 One loopful (10 l) of milk was plated onto a Hayflick agar plate 25 containing 15% horse serum; lung tissue was cut and the surface of the specimen was rubbed over the agar. Agar plates were incubated at 35ЊC with 5% CO2 and examined using a 40ϫ stereomicroscope for Mycoplasma growth every 48 hr until such time as colonies were obtained, or for 10 days if no colonies were identified. In addition, a small piece of lung tissue (1.5 ϫ 1.5 cm) was minced with sterile scissors and inoculated into a 4-ml volume of broth, then incubated aerobically at 35ЊC for 48 hr before plating onto the Hayflick agar plate. Mycoplasma species were identified by indirect FA test 25 DNA extraction and real-time PCR. DNA from broth cultures of control organisms, from milk, and from lung samples was extracted using a DNA extraction kit c according to the manufacturer's instructions, with the modification for milk samples that 500 l of milk was mixed with 500 l of buffer ATL (the lysis buffer of the DNA extraction kit) c and 60 l of proteinase K before incubation at 70ЊC for 30 minutes. Commercially available software d was used to design primers and probes. To facilitate future identification of multiple mastitis pathogens, the primers and probes were designed to locate at conserved and variable areas of the 16S rRNA gene respectively. The PCR primers (MbsF: GAGG-CAGCAGTAGGGAAT and MbsR: GTATTACCGCGGCT-GC) were designed to amplify a 190-base pair (bp) 16S rRNA gene fragment of the contagious mastitis pathogens, including M. bovis, M. agalactiae, Staphylococcus aureus, and Streptococcus agalactiae. The hybridization probes, also named fluorescence resonance energy transfer (FRET) probes, 6 Mbs-FL: GATGAAGGCCCTATGGGTTGTAAA-CTG-FL and Mbs-LC: LC Red640-GTGGTTAGGGAAGA-AAAAGTAGCATAGGAAATGAT-phosphate, were designed to specifically identify the M. bovis 16S rRNA gene. The probe set had at least 2 nucleotides unmatched to those of M. agalactiae, which were used to differentiate M. agalactiae from M. bovis based on the melting temperature of the l of PCR grade water were used. All reagents were purchased from a real-time PCR reagent manufacturer e and the primers and probes were manufactured commercially. f The real-time PCR was performed in a real-time PCR instrument. g The PCR reaction started with a DNA denaturing and polymerase-activating temperature of 95ЊC for 10 min, followed by 45 cycles of denaturing at 95ЊC for 1 sec, annealing at 55ЊC for 5 sec, and extension at 72ЊC for 8 sec. Temperature transition was 20ЊC/sec for denaturing and annealing and 2ЊC/sec for extension. Fluorescence was acquired at the end of annealing (single mode) using a channel setting of 640 nm/530 nm. The melting temperature of the probes was measured using a single cycle of 95ЊC for 120 sec (20ЊC/sec), 65ЊC for 60 sec (20ЊC/sec), 50ЊC for 60 sec (20ЊC/sec), and 80ЊC for 0 sec (0.1ЊC/sec). Quality, quantity, and melting temperature were calculated by the analytical software of the real-time PCR machine (automatic mode).
Storage effects on culture and PCR.
To determine the effect of storage time and temperature on M. bovis recovery and on PCR results, 6 milk samples were spiked with pure cultures of M. bovis strain Donetta (final concentration: 7 ϫ 10 5 cfu/ml), which were tested by culture and the real-time PCR before and after storage at 4ЊC, and at Ϫ20ЊC for 4 and 7 days. The results were statistically analyzed by analysis of variance and Tukey tests using commercially available software. h
Results
Serial dilutions (5.5 ϫ 10 1 to 5.5 ϫ 10 7 cfu/ml) of M. bovis Donetta in milk were tested by the real-time PCR. The crossing points (CP), the point where the sample's fluorescence curve turns sharply upward, indicating exponential amplification, were automatically determined by the real-time PCR software as 16.27 (5.5 ϫ 10 7 ), 19 .86 (5.5 ϫ 10 6 ), 22 .98 (5.5 ϫ 10 5 ), 26 .52 (5.5 ϫ 10 4 ), 27 .76 (5.5 ϫ 10 3 ), 27.7 (5.5 ϫ 10 2 ), and no CP value was detected for the dilution of 5.5 ϫ 10 1 . The efficiency (10 Ϫ1/slope ) of the PCR was 1.97, very close to 2 (perfect PCR amplification) ( Fig. 3) . Table 1 ). Therefore, the detection limit of the assay was 550 cfu/ ml of milk. Similarly, the detection limit of the realtime PCR on M. bovis in lung tissues was determined as 650 cfu/25 mg of lung tissue, with the PCR efficiency being 1.90. The serial dilutions were used as standard curves thereafter. Of a panel of bovine Mycoplasma and other bovine bacteria tested, only M. bovis strains were positive, with a melting peak of 66.6ЊC, being sometimes slightly higher or lower (possibly, as described below, due to different M. bovis concentrations); M. agalactiae PG2 was also positive but had a melting peak of 63.1ЊC (Table 1, Fig. 2 ). Sequence analysis of the PCR products of M. bovis Donetta, M. bovis M30166, and M. agalactiae PG2 demonstrated that the real-time PCR amplified the intended target (data not shown).
A total of 165 individual milk samples submitted simultaneously to the Mastitis and Mycoplasma laboratory were tested by the real-time PCR in parallel with culture isolation in a blind manner. The relative sensitivity and specificity were 100% and 99.3% for the individual milk M. bovis real-time PCR ( Table 2) . A total of 53 Mycoplasma suspect lung tissues were tested by the M. bovis real-time PCR assay in parallel with culture in a blind manner. Figure 4 shows illustrative examples of the lung tissue sample M. bovis real-time PCR. Twenty-nine were positive using culture; all but 1 of which were positive by PCR, with concentrations equivalent to between 1 ϫ 10 3 and 1 ϫ 10 9 M. bovis per 25 mg of tissue. The relative sensitivity and specificity were therefore 96.6% and 100% for the lung M. bovis real-time PCR (Table 3 ). The number of viable M. bovis in the milk did not change significantly after storage at 4ЊC for 4 days, but was reduced by 24% and 36% to 5.6 ϫ 10 5 and 4.7 ϫ 10 5 cfu/ml after storage at Ϫ20ЊC for 4 and 7 days (P Ͻ 0.01). No significant differences were, however, found among the different groups when detected by M. bovis real-time PCR (P Ͼ 0.05) (Fig. 6 ). 
Discussion
Traditionally, M. bovis in milk samples and lung tissues is detected by isolation of the bacteria. Recently, conventional PCR, including nested-PCR, has been shown to be able to identify M. bovis directly from milk. 3, 10, [14] [15] [16] 23 It has been noted that some M. bovis PCR assays described are unable to differentiate M. bovis from M. agalactiae. 1 In comparison with conventional PCR, real-time PCR is more rapid and involves less labor because no postamplification processing is required. In addition, real-time PCR can be more specific than conventional PCR if probes are used to detect the PCR products, as was done here. The sensitivity of the conventional PCR has been reported to be 400-500 cfu/ml, 3, 14, 16 similar to that of the real-time PCR developed in this study. More sensitive conventional PCR assays have been described although their accuracy is under debate. 9, 10, 12, 13 It is possible to improve the sensitivity of the real-time PCR by improving the DNA extraction method. For example, collecting Mycoplasma cells by selective binding to a monoclonal antibody prior to DNA extraction increased the PCR sensitivity from 400 cfu/ml to 20 cfu/ml. 15 In addition, a nested-PCR has been shown to detect 5.1 cfu/ml of milk samples. 23 However, cost and benefit should be considered because of the additional labor and time involved, the difficulty of obtaining specific Mycoplasma antibodies, and the risk of nested-PCR contamination. This study has shown that the detection limit and material cost were comparable between real-time PCR and culture. The material cost for an isolation-negative sample is around CND$4 and takes 10 days; speciation of a Mycoplasma-positive sample costs an additional CND$10 in materials and takes at least 3 more days. The M. bovis real-time PCR developed here costs CND$11 and took less than 4 hours to complete. A disadvantage of the M. bovis real-time PCR described is that it only detects M. bovis and/or M. agalactiae. In field validation, the agreement between culture and milk real-time PCR was excellent (kappa ϭ 0.96). Theoretically, the traditional culture method can detect 100 cfu/ml of milk (1 cfu/plated 10 l); the real-time PCR had comparable sensitivity (550 cfu/ml). However, when testing the field samples, 1 culture-negative milk sample was real-time PCR positive. This may be because of a lack of sensitivity of the culture method or because the M. bovis were not viable. It has been reported previously that the number of viable Mycoplasma spp. in milk was reduced by 1.6 log 10 to 3.3 log 10 after freezing for 1-4 weeks. 2 This study showed a reduction in recovery caused by freezing. However, there was no effect of freezing on detection by real-time PCR because PCR can detect DNA of both viable and nonviable organisms. The real-time PCR may therefore have the advantage over isolation, should freezing of milk be necessary when it is not possible to deliver and process samples quickly. It should be noted that PCR-positive results do not always correlate with the presence of viable organisms.
It has been noted that the 16S rRNA gene is not an ideal target for M. bovis in traditional PCR because the PCR also amplifies the 16S rRNA gene of M. agalactiae. 21 Some minor inaccuracies were noted with a 16S rRNA gene-based PCR identification system in identifying M. bovis and M. agalactiae compared with other systems based on housekeeping genes 1 because of the limited difference between the 2 species in the 16S rRNA gene sequence. 17 By using highly specific probes, as was done here, or by measuring the melting temperature of the probe-amplicon hybrid, the realtime PCR assay can differentiate the 2 targets, even though there are few or only 1 nucleotide differences. 18 The hybridization probes, also named fluorescence resonance energy transfer (FRET) probes, used in this study were double probes designed to hybridize side by side on the PCR product. The 3Ј end of the upstream probe (donor probe) is labeled with fluorescein that is the donor of FRET. The 5Ј end of the downstream probes (acceptor probe) is labeled with an acceptor dye. It is only when the 2 probes hybridize closely that FRET occurs. During FRET, fluorescein, the donor fluorophore, is excited by the light source of the real-time PCR instrument and part of the excitation energy is transferred to the acceptor fluorophore. The emitted fluorescence of the acceptor fluorophore is measured. If there is only 1 or only a few base pair mismatches in 1 or both of the probes, the probes may still hybridize with the target amplicon, but with a lower melting temperature compared with that of the perfect matched hybrid. This principle has been applied to virus-strain typing and human genotyping, 4, 5, 20, 26, 28 where 1 nucleotide mutation caused a 4-6ЊC change in melting temperature. Because the 16S rRNA gene sequence is a major basis for contemporary bacterial taxonomy classification, it can be an excellent target for real-time PCR. This study used universal primers to amplify the 16S rRNA gene of the contagious mastitis pathogens, and then identified M. bovis using a more discriminatory probe set. The system was able to differentiate M. agalactiae from M. bovis by the melting temperature of the hybrid of the probes and the PCR products, although this needs to be further validated by testing more M. agalactiae strains. BLAST searching showed that the sequences of the probe sets had a 100% match with M. bovis but had 2-3 bases mismatched with M. agalactiae and that the sequences of other Mycoplasma and other bacteria species had more than 4 bases unmatched to the probe sets (Fig. 1) .
The real-time PCR protocol in this study was optimized by comparing different PCR reaction mixes, magnesium ion concentrations, primer, and DNA template concentrations, as well as different DNA extraction kits and methods to obtain high sensitivity, optimum specificity, and PCR efficiency (data not shown). For example, to obtain a clear melting curve, it was found to be important to perform asymmetric PCR with a higher concentration of reverse primer because this reduced competition between the positive strand-PCR products and the hybridization probes for combination with the negative-strand PCR products. This allowed the formation of a large number of probe and PCR product hybrids, which is necessary for melting temperature determination. For DNA extraction, it was found that use of the buffer ATL c rather than of the AL c as the lysis buffer increased the sensitivity by at least 1 log. In addition, use of whole milk rather than a milk cell pellet (from centrifuging at 15,000 rpm for 30 minutes) for DNA extraction also increased sensitivity.
Different studies have reported a variable prevalence of Mycoplasma in bovine milk. For example, in New York and Pennsylvania, the incidence of Mycoplasma spp. in individual cow milk samples was 0.1%. 31 In Washington State, 20% of the herds had at least 1 bulk tank milk sample with Mycoplasma spp., 8 and in Australia, the prevalence of M. bovis in dairy cow herds was as high as 43% and 62%. 11 The frequency of Mycoplasma spp. isolation in mastitis milk from cows in Ontario in our study was low (6 in 201 herds). The results also showed the value of applying M. bovis isolation or real-time PCR to milk yielding only low numbers, as opposed to milk with high number, of bacteria in routine bacteriological culture procedures.
There has been no reported use of PCR to detect M. bovis directly from lung tissue. The lung M. bovis realtime PCR developed here was found to be highly specific (100%) and sensitive (96.6%). In field validation, the agreement between culture and lung tissue realtime PCR was excellent (kappa ϭ 0.96). One culturepositive lung sample was M. bovis real-time PCR negative repeatedly. This sample had a melting peak of 67ЊC. This discrepancy may be because of the presence of inhibitors in the sample. Use of 2 l of DNA template for the lung M. bovis real-time PCR gave greater sensitivity than reactions using 7 l DNA template, possibly because of the reduction of inhibitors.
